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In this paper, the adequacy of the experimental design in the accelerated corrosion process with the impressed
current technique (IC) for ground penetrating radar (GPR) inspection was investigated. The aim of the study is to
observe how the GPR signal amplitude behaves under different distributions of corrosion products generated by
different exposure conditions in the IC technique. To investigate this, two different experimental setups were

prepared. The results are summarized, discussed, and supported by visual evidence, other non-destructive
techniques, and electromagnetic theory. The main finding is that the position of the sodium chloride solution
required to ensure accelerated corrosion of the reinforcement determines the behaviour of the GPR signal, as it
affects the position of the corrosion product layer and its distribution in the concrete cover.

1. Introduction

The designed and expected service life of reinforced concrete (RC)
structures could be seriously compromised if adequate maintenance is
not performed during their service. One of the main problems leading to
disturbed service life of RC structures is corrosion of reinforcement
[1-4]. Corrosion involves symbiotic processes in the concrete and on the
surface of the reinforcement. In the case of chloride-induced corrosion, it
starts with the penetration of chlorides into the concrete, which triggers
the depassivation of the reinforcement once the chloride concentration
reaches a critical level [5]. The inability to sustain the passive layer leads
to a series of chemical reactions at the reinforcement, resulting in the
formation of corrosion products, which in turn can cause cracking or
even spalling of the concrete cover [6-8]. The optimal maintenance
strategy should include the detection of corrosion during the initiation
period to minimize the repair effort and the overall maintenance cost.
However, complexity, duration of inspection, and ultimately costs, are
often the main drivers for choosing a maintenance strategy. Infrastruc-
ture owners are often guided by cost alone and choose visual inspection
as the only means of decision making, omitting that it is impossible to
detect corrosion in the initial stages by visual inspection alone. There-
fore, the use of appropriate non-destructive techniques (NDT) is a viable
solution.

The attractiveness of non-destructive testing stems primarily from
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the type of inspection and secondarily from the time required to perform
it [9-11]. Nevertheless, in addition to the great accessibility, there
should be a research community that ensures the reliability of the results
and the continuous improvement of the techniques. One of the tech-
niques that is constantly growing in the field of structural assessment is
ground penetrating radar (GPR) [12-15]. The main role of GPR in civil
engineering is to locate reinforcement and tendon ducts and to estimate
the thickness of concrete cover. It is based on radiation of electromag-
netic (EM) waves into the concrete and the detection of the echoes from
an object or defect [16]. However, special efforts are made for corrosion
characterization of reinforcement in RC structures using GPR
[13,17-24]. The technique, which can simultaneously collect data on
the location of reinforcement and corrosion condition, undoubtedly
contribute to an effective maintenance strategy.

The principle of corrosion assessment with GPR is to observe the
perturbation of reflected energy strength when comparing sound and
corroded reinforcing bars. The reflected energy changes due to changes:

i) at the interface between concrete and steel,
ii) in the material.

The changes at the concrete-steel interface due to the corrosion of the
rebars contribute to the changes in the reflection coefficient [25], so that
the total reflection of the signal is different compared to sound rebars. In
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addition, the changes in the condition of the surrounding concrete due
to the causes and consequences of the corrosion process (e.g., water and
chloride penetration, migration of corrosion products into the concrete
cover, cracks, etc.) lead to changes in the registered amplitude of the
echo. In particular, this leads to changes in the permittivity and con-
ductivity of the concrete, which cause a change in the attenuation co-
efficient [26], further changing the strength of the echoes. The influence
of water and chlorides in concrete on the strength of reflected energy has
been proven by laboratory tests [27-32]. Furthermore, special efforts
have been made to observe the effects of the formation of corrosion
products around the rebars and their propagation in the concrete cover
and to observe how they affect the change in the GPR signal
[19,20,33-36]. Numerous studies have reported conflicting results on
the effect of corrosion products on GPR signal amplitude, Table 1, and
this has been discussed in detail in [18]. The corrosion process was
usually accelerated in the laboratory using the impressed current tech-
nique (IC), Table 1, where the corrosion trigger is the applied potential
difference between the observed rebar and another metal. Two main
methods for acquiring the GPR attributes found in the literature are: a)
monitoring during corrosion acceleration and b) data collection before
and after corrosion acceleration. The experimental setup during corro-
sion acceleration also varied. In some of these studies, the rebars were
exposed to current under dry conditions [20,34], while in most of these
studies, the specimens were partially immersed in a sodium chloride
solution below the rebar during the corrosion acceleration
[19,20,36-38]. In the same studies, the GPR investigation was per-
formed from the surface that was on the opposite side of the reinforce-
ment from the solution level. It is in the nature of the impressed current
technique that the experimental setup, e.g., the position of the elec-
trodes and the solution level, affect the pattern of distribution of the
corrosion products [39,40]. In the study [40] it was shown that the rust
accumulation was more intense on the side facing the solution level. This
means that the solution level below the reinforcement level produces a
corrosion pattern that is different from natural corrosion [2]. Consid-
ering the principle of GPR, this could lead to misleading conclusions
during GPR inspection if the current density and/or exposure time are
not sufficient, especially when monitoring the corrosion process.

2. Research objective

Motivated by the above discussion, the main objective is formulated,
Fig. 1. The main objective of this work is to investigate how different
corrosion patterns due to different solution positions affect the GPR
signal during an accelerated corrosion process with impressed current
technique.

In the present study, two experimental setups were designed. The
difference between the experimental setups was the position of the so-
dium chloride solution during the corrosion process. In the 1st experi-
mental setup, the solution was below the reinforcement level as in most
studies reported in the literature [19,20,36-38], while in the 2nd
experimental setup it was above the reinforcement, considering the ef-
fect of solution on distribution of corrosion products [40]. In both
experimental setups, parameters of the concrete that affect the GPR
signal, such as the chloride content, moisture content, and crack width,
were monitored while the corrosion parameters and the GPR signal were
observed simultaneously.

3. Experimental program
3.1. Production of specimens

The specimens were prepared using cement CEM I 42.5 R, river
aggregate (0/4 mm, 4/8 mm and 8/16 mm), potable water and chemical
admixtures (superplasticizer and air-entraining admixture). The mix
design and properties of fresh and hardened concrete are summarized in
Table 2. Slump was determined after mixing, and compressive strength
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Table 1
Review of laboratory studies on the influence of corrosion of reinforcement on
GPR attributes, taken and adapted from [18].

Study Technique Method of
for acquiring the
accelerated GPR
corrosion test  attributes

Change in the GPR attributes

Trend of
amplitude
change

Main findings

Decrease in
amplitude and
increase in
reflection travel
time; the authors
pointed out a
possible influence
of the wetting of
the concrete cover
during the
experiment on the
results.
Raju et al. 1 Increase in
[371 amplitude with a
higher degree of
corrosion and
larger diameter of
rebars. Established
relationship
between GPR
amplitude and
mass loss.
Zaki et al. 1 Different influence
[38] of corrosion
process on GPR
amplitude in rebars
with different
degrees of
corrosion; the
authors reported
that the results
could be influenced
by the different
moisture and
chloride content in
concrete.
1 Increase in
amplitude and
decrease in
reflection travel
time due to higher
number of
reflection points
between concrete,
steel, corrosion
products, and
cracks.
Increase in

Hubbard Impressed Before and l
et al. current after
[41] technique corrosion
acceleration

Lai et al. Monitoring
[19] during
corrosion
acceleration

Zhan 1
et al. amplitude and
[42] decrease in

reflection travel
time. Established
relationship
between GPR
amplitude and
mass loss.

Hong 1 Increase in
et al. amplitude and no
[20] change in peak

frequency of the
signal when
corrosion products
are formed.

Hong 1 Increase in
et al. amplitude; more
[33] pronounced effect

with increasing
diameter of
reinforcement. No
effect of corrosion

(continued on next page)
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Table 1 (continued)

Study Technique Method of
for acquiring the
accelerated GPR
corrosion test  attributes

Change in the GPR attributes

Trend of
amplitude
change

Main findings

product formation
on peak frequency.
Increase in
amplitude and then
decrease as the
crack widened.
Increase in
amplitude; the H-
Alpha scattering
classification was
1 used to
characterize the
changes in signal
with corrosion
process.
Decrease in
amplitude and
blurred hyperbola
in the B-scan as a
result of changes at
the interface
between concrete
and steel.
Before and Decrease in
after amplitude and
corrosion blurred hyperbola
acceleration in the B-scan as a
result of changes at
the interface

Wong
et al. 1
[34]

Liu et al.
[36]

Corroded
rebars cast in 1
concrete

Sossa
et al.
[35]

Curing
chamber between concrete
and steel and
changes in the
concrete due to
rust, cracks and
delamination.

after 28 days on 150 mm cube samples according to European standards
[43,44].

The design of the specimens is shown in Fig. 2. The specimens were
700 mm x 300 mm x 250 mm, with two reinforcing bars (®/1 = 20 /
400 mm) and a concrete cover of 50 mm. The sides of the specimens
were coated with epoxy, as was the part of the rebar that was outside the
specimens, Fig. 3a. The rebars had wires for electrical connection for the
accelerated corrosion test, which were prepared before casting. The
connection between the rebar and the wire was protected with an
impermeable mastic, Fig. 3b.

3.2. Experimental setup for corrosion acceleration

The main objective of the experimental study was to characterize the
changes in the GPR signal during accelerated corrosion of reinforcement
in concrete using two different experimental designs. The main differ-
ence between the two experimental designs was the position of the
aggressive sodium chloride solution during the accelerated corrosion
process. The first experimental setup was selected as representative of
the tests performed chosen to date replicate previously published
research results [19,20,36-38], while the second experimental setup
aimed to ensure distribution of the corrosion products in the concrete
cover [40].

3.2.1. 1st experimental setup — chloride solution below corroding rebar

In the 1st experimental setup, specimens were first immersed in a
container filled with 3.5% sodium chloride solution for 11 days. The
immersion was intended to force the accumulation of chlorides on the
surface, thus forcing the initiation of the corrosion process from above as
soon as the rebar was exposed to the external current. After immersion,

Automation in Construction 143 (2022) 104548

the level of the solution was lowered below the level of the rebars. The
specimens were left for 19 days to stabilize the moisture content
throughout the concrete cover of the specimen. Then they were con-
nected to an external power supply to accelerate the corrosion of the
reinforcement. The total applied current was 0.038 A, which corre-
sponds to a current density of 200 pA/cm?. Three specimens were sub-
jected to the accelerated corrosion process, which differed in the
duration of the process. The duration was determined as a function of
the targeted mass loss according to Faraday’s law [45]. The targeted
mass losses were 5%, 7.5% and 10%, corresponding to durations of the
accelerated corrosion process of 39, 59 and 78 days, respectively.

3.2.2. 2nd experimental setup — chloride solution above corroding rebar

In the 2nd experimental setup, the 3.5% sodium chloride solution
was placed in a container made of polystyrene sheets that occupied the
entire top surface of the specimens. Initially, the solution was stored
without a power supply for 5 days to stabilize the potential corre-
sponding to the required current. By day 10, a total current of 0.114 A
was applied, corresponding to a current density of 600 pA/cm? The
higher current density, than in the 1st experimental setup, was intended
to ensure a greater amount of corrosion products in the concrete cover.
On the 10th day, the hairline crack appeared on the surface of the
specimens. It was concluded that maintaining the higher current density
(600 pA/cm?) would probably lead to a sudden accumulation of corro-
sion products around the rebar without gradual migration into the
concrete cover, which is not the case in reality. For this reason, the
current was reduced to a value of 0.038 A, which corresponds to a
current density of 200 pA/cm?. In this experimental setup, three speci-
mens were also subjected to the corrosion process for 39, 59, and 78
days. The arrangement of the 1st and 2nd experimental setups is shown
in Table 3.

3.3. Assessment methods

The moisture and chloride content in the concrete cover were
monitored along with the crack width during the corrosion acceleration
process, as they have a great influence on all the corrosion attributes
presented in this paper.

In the 1st experimental setup, relative humidity was monitored using
the PosiTector CMM IS concrete moisture meter, with probes embedded
at a depth of 50 mm. In the 2nd experimental setup, moisture content
was determined by taking samples from the exposed surface. The sam-
ples were cylinders with a diameter of 18 mm and a height of 50 mm.
The cylinders were cut to a height of 10 mm and then the mass of each
piece was calculated (m;), to obtain a gradual distribution of moisture in
the concrete cover. The final moisture content w, where mj is the mass of
each piece after drying to a constant weight, was determined as follows:

MM 009 1)
my

Two different physical properties were measured in the two experi-
mental setups. The sensors used to measure relative humidity in the 1st
experimental setup were not applicable in the 2nd setup due to the
submerged surface of the specimens. However, the relationship between
these two properties is established [46,47].

The total chloride content was determined by potentiometric titra-
tion. First, the concrete powder was taken every 10 mm to a depth of 50
mm. A known amount of the concrete powder was placed in a beaker
and mixed with 100 ml of deionized water and 10 ml of a 5 mol/1 nitric
acid (HNOs3) solution. The solution was then heated to boiling with
constant stirring and stirred for another 3 min. The solution was then
titrated with 0.1 M silver nitrate (AgNO3).

Each moisture and chloride monitoring measurement was performed
on one specimen from a series, assuming that the other specimens were
exposed to the same conditions. During the corrosion process, the cyl-
inders for moisture characterization were taken from the top of the
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[ Literature review ]

Review of previous
laboratory studies on the
influence of corrosion of
reinforcementon GPR
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Considering the effects of
the experimental setup on
the distribution ofthe
corrosion products [40]

Main objective

To observe how the GPR signal amplitude behaves under different
distributions of sorrosion products generated by different experimentslsetups

)

[ Experimental program ]

[ 1*'setup: Solutior below the rebar ]
Step 1.

Design [

27 setup: Solution abovethe rebar ]

Step 2. Data recorded: GPR,
Conduction of HCP, ER, chloride
accelerated content, moisture

content, crack width.

COrrosion process.

!

[ Data analysis ]

)

Inclusion ofthe distribution
of corrosion products
(determined in-situ) in the
evaluation

~ Evaluation of the influence of the
distribution of corrosion products on the

- |

GPR amplitude

Fig. 1. Research methodology.

Table 2
Concrete mix design and properties of fresh and hardened concrete.

Concrete mix design

River aggregate Chemical admixtures

Cement Potable [kg/m°] [kg/m’]
[ksg/ water . 0/4 4/8 8/ N air- B
m~] [kg/m"”] 16 superplasticizer  entraining
mm mm .
mm admixture
401 121 843 501 579 2 1.6

Properties of fresh and hardened concrete
Compressive strength with

Slump Air-content standard deviation
[mm] [%]
[MPa]
180 5 51.5+ 3.4

concrete near the edges of the specimen on the cathode rebar side. The
concrete powder was taken near the anode. The sampling locations were
chosen to be far enough to avoid the influence of the resulting holes on
the GPR measurements.

Relative humidity and moisture content were determined on days 7,
10, 14, 28, 42, 56, and 70 of the corrosion process. Chloride content was
determined on days 14, 28, 42, 56, and 70. In addition, chloride content
was determined before the start of the accelerated corrosion process
(day 0) for the 1st experimental setup and on days 7 and 10 for the 2nd
experimental setup. Chlorides were also determined at the end of the
corrosion process (days 39, 59, 78) for each specimen above the anode
for both experimental setups.

Crack width was measured every 7 days, on day 10, and at the end of
the testing period for each specimen using a crack width ruler at 5 points
along the crack. The final value was determined as the average of 5 data
points.

During the experiments, the current density and thus the applied
current was kept constant, while the applied voltage varied according to
the changes in the resistance of the specimens. For this reason, the
change in voltage was also monitored. The data acquisition system was

set to record the voltage value every hour throughout the experiments.

3.3.1. Monitoring of corrosion attributes

GPR examination was performed every 7 days. In addition, it was
performed on day 10 and at the end of the test period for each specimen.
The GPR used in this study was Geophysical Survey Systems Inc. (GSSI)
2.7 GHz device. The scan interval of the instrument was 8 scans/cm,
with the scan sampled in 512 data points. The scan range was 5 ns. The
scans were processed using RADAN 7 software. The raw GPR data was
processed with a bandpass filter and background removal. A constant
one-point gain was also used.

In both experiments, data were collected from above. In the 2nd
experimental setup, the solution was removed each time data were
collected. The surface was cleaned with a cloth so that no excess water
was visible on the surface. The GPR profiles were recorded perpendic-
ular to the rebars. A total of 10 profiles were recorded each time, of
which 5 were type A and 5 were type B (Fig. 4). Monitoring of reflected
signal strength was based on observation of peak amplitudes derived
from the scan over the anode rebar. The amplitudes were extracted and
the final amplitude was determined as the average of 10 profiles. The
amplitude is reported as normalized amplitude A in dB, expressed as

A
A= 20l0g10A—t [dB]

0
2

A, — amplitude at time,
Ay — amplitude before corrosion.

Monitoring of half-cell potential (HCP) as well as electrical resistivity
(ER) was performed on the same days as GPR, except for the 2nd
experimental setup before corrosion, where HCP and ER could not be
measured due to extremely dry conditions. The half-cell potential is a
semi-destructive technique for evaluating corrosion probability [48]. It
is based on measuring of the potential difference between the reference
electrode and the rebar. In this study, the Proceq Profometer Corrosion
was used, and the reference electrode was the CSE (copper/copper
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(a)

sulphate electrode). During the measurement, the reference electrode
was placed over the anode rebar. The potential values above —200 mV
CSE indicate that the corrosion probability is <10%, while it is >90% for
values below —350 mV CSE [48].

Measuring the electrical resistivity of concrete is another method for
assessing the corrosion risk [49]. Proceq Canin + Corrosion Analyzing
Instrument with Wenner probe was used to measure the electrical re-
sistivity of concrete. The resistivity was measured beyond the anode
region with the probe oriented at a 45° to the direction of the rebar. If
resistivity is 50-100 kacm the corrosion risk is low, 10-50 kocm -
corrosion risk is moderate, and < 10 kacm - corrosion risk is high [49].

In the 1st experimental setup, the surface was moistened 20 min
before the measurements of HCP and ER. Both measurements were
taken after GPR data collection was completed. During the GPR, HCP,
and ER measurements, the anode and cathode were temporarily
disconnected from the power supply.

4. Results

Relative humidity for 1st and moisture content for 2nd experimental
setup during testing period are shown in Table 4.

In the 1st experimental setup, a high relative humidity of the con-
crete was maintained at the depth of the reinforcement, although the
level of the sodium chloride solution was below the level of the

(b)

Fig. 3. a) Epoxy coated sides of the specimen, b) connection between rebar and wire.

reinforcement. In the 2nd experimental setup, a stable moisture content
in the concrete pores was observed only after seven days of the accel-
erated process and remained stable throughout the process. This is
evident from the low value of the standard deviation around the average
value of 4.8% for all depths. The distribution of moisture was such that
there was no moisture gradient, but the moisture was evenly distributed
over the concrete cover.

Fig. 5 shows the change in normalized amplitude (a), chloride con-
tent (b), crack width (c), resulting applied voltage (d), half-cell potential
(e) and electrical resistivity (f) during the corrosion process for both
setups. In general, the normalized GPR amplitude in the case of the 1st
experimental setup did not show a significant change in value nor a clear
trend of change during the evolution of the corrosion process. The
changes were very subtle and ranged from —1.2 dB to 1.6 dB. From the
chloride profiles, it can be concluded that the chloride content in the
concrete cover showed the greatest change between days 0 and 14.
While the specimens were immersed in the solution before the potential
was applied, the chlorides accumulated in a shallow zone on the con-
crete surface. Once the potential was applied, it affected the migration of
the chloride ions [2] so that the chloride content was uniformly
distributed over all depths during the corrosion process. In addition, the
chlorides from the solution that was under the rebars were able to
migrate around the rebars. The formation of corrosion products, which
have a larger volume than steel [50], leads to higher stresses around the



Table 3

Specimens subjected to the accelerated corrosion process in 1st and 2nd experimental setup.

1st experimental setup

2nd experimental setup

Stabilization period
without a power
supply

Current density [pA/
cm?]

Duration [days]

Specimen

11 days immersion in 3.5% sodium chloride solution

200

39 59 78
K15 K1.7.5 K1.10

600, then 200 after 10 days

39 59 78
K25 K27.5 K210

1 152 N

8bSHOT (220T) £ UONINASUOD UL UOHDWIOINY
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Fig. 4. GPR profiles orientation.

Table 4
Relative humidity and moisture content.

Day of 1st experimental 2nd experimental setup

accelerated setup

corrosion Relative Moisture content w [%]

process humidity RH [%]

[days] 0-10 10-20 20-30 30-40 40-50
7 95.1 5.7 5.8 5.1 3.8 4.8
10 94.3 5.8 5.2 3.8 4.4 4.9
14 92 6.0 4.8 3.3 4.3 4.3
28 79.4 5.2 4.7 5.0 4.0 5.2
42 86.6 5.8 4.0 4.5 5.3 4.3
56 79.4 4.9 4.9 4.2 4.7 3.2
70 77.9 5.7 3.8 4.3 6.0 5.0

RH mean value
with standard
deviation
86.4+7.5
Corresponding w
calculated from
RH, according to Corresponding RH calculated from w,
[47] according to [47]

5.1 82.7

w mean value with standard deviation
4.8 +0.7

rebars, which in turn leads to cracks in the concrete cover. The speci-
mens were designed so that the crack was initiated from the top surface.
Two out of three specimens from the 1st experimental setup showed
longitudinal cracks above the anode bars. In addition, the specimens
with cracks exhibited different behaviour, with the crack on K15
occurring 14 days before K1_7.5. Looking at the distribution of corrosion
products shown in Table 5, it is clear that there was an initial distur-
bance in specimen K1_5. It appears that there was an initial defect at the
interface between the reinforcement and the concrete that caused an
accelerated accumulation of corrosion products on the left side of the
specimen where the connection to the power supply was located. This
caused the appearance of a wider crack on the top surface and was also
noted by the faster decrease in the applied voltage for specimen K1_5
compared to specimen K1_7.5, while the current density remained
constant (Fig. 5d). The applied voltage curves for the specimens with
cracks were lower than the curve for the specimen without cracks, and
this is more pronounced for the specimens where the crack occurred
earlier. However, none of the effects described above had a significant
effect on the GPR amplitude.

In contrast, different results were reported for the 2nd experimental
setup. The GPR amplitudes for all three specimens followed a decreasing
trend during the accelerated corrosion process. The largest decrease in
amplitude was observed by day 10, where the curve showed a steep
slope (see Fig. 5a). This is consistent with the higher current density
applied by day 10 (Table 3). The decrease in amplitude continued after
day 10, but at a slower rate. The specimen exposed to the accelerated
corrosion process for the longest time exhibited the greatest signal loss,
which was —11.5 dB on day 78 (corresponding to an amplitude loss of
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73%). During the process, the chloride content in the concrete cover also
changed, Fig. 5b. The chloride profiles taken near the anode showed a
gradient in chloride content, while the profiles taken above the anode
(at the end of each testing period; at 39, 59 & 78 day) at the end of the
process showed a more uniform distribution. In addition, the chloride
content values were higher above the anode. This is to be expected since
there were cracks above the anode that allowed greater chloride pene-
tration. In addition, the closer proximity of the anode affected the higher
attraction of chloride ions. As for the development of cracks, the spec-
imens of the 2nd experimental setup showed almost the same behaviour
during the process. The cracks appeared on the 10th day and expanded
at the same rate for all specimens. The resulting applied voltage (Fig. 5d)
initially showed higher values corresponding to the higher current
density (Table 3). The voltage corresponding to the specimen K2 _5 was
slightly lower than that of the other two specimens, Fig. 5d.

The value of the half-cell potential is an indicator of the ease of
electron release [51], with more negative values indicating that the
release is facilitated, suggesting a corrosion process. Considering the
ASTM recommendation [48], the measured potential in both experi-
ments was almost always below the of —350 mV value (Fig. 5e), indi-
cating a corrosion process. The values for concrete resistivity show a
similar behaviour (Fig. 5f). However, in this case, the different design of
the experimental setups was reflected in slight differences in the re-
sistivity values. The shift to a lower value for the 2nd experimental setup
was most likely due to a higher chloride content [49], Fig. 5b, caused by
the presence of sodium chloride solution at the top of the specimen.
Nevertheless, the resistivity values were rather constant during the
accelerated corrosion process and were around the value of 10 kacm.

5. Discussion

In this study, two different experimental setups were designed in
which an accelerated corrosion process was carried out to monitor the
effects of the process on the changes in GPR signal amplitude. In addi-
tion, several other methods were performed in parallel with GPR
monitoring to substantiate the results. The results are discussed further
with respect to two experimental setups.

For the 1st experimental setup, the GPR signal amplitude did not
change significantly during the corrosion acceleration, while half-cell
potential, electrical resistivity, and cracks occurrence result indicated
an active corrosion process. At the end of the testing period, all speci-
mens were opened at the location of the anode rebar to confirm corro-
sion activity. The specimen sections and the corrosion pattern through
the anode are shown in Table 5. The corrosion pattern was considered
for 2/3 of the bar in the centre of the specimen. On each side of the
specimen, 5 cm is disregarded because the corrosion products present
there are mainly the result of the pronounced corrosion at the contact
between the rebar and the wires for electrical connection, as well as the
leakage of the rebar on the outside of the contact with the concrete.

From the table above, it can be seen that the steel consumption due to
corrosion, the formation of corrosion products and their migration in the
1st experimental setup occurred mainly below the rebar (84.5% for K1_5
and 94.3% for K1_7.5). Especially, when the orientation and position of
GPR profiles is taken into account, Fig. 4. The position of the electrolyte
in the 1st experimental arrangement forced the movement of chlorides
from the electrolyte to the underside of the rebar and resulted in the
reactions occurring mainly in this area. Furthermore, the location of
corrosion reaction had an influence on the results obtained with the
GPR. In fact, the propagation of the corrosion products from the bottom
of the rebar affected the changes on the surface of the rebar and the
surrounding concrete, which had a minor effect on the reflected GPR
signal. This is because the metal, in this case the rebar, is considered a
perfect reflector [52]. This means that when the electromagnetic waves
encounter the reinforcement, they are completely reflected back to the
receiving antenna. Thus, throughout the accelerated process, the scan
above the anode represents the wave that has propagated only through
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Fig. 5. a) Normalized GPR amplitude, b) chloride profiles, ¢) crack width, d) resulting applied voltage, e) half-cell potential and f) electrical resistivity during the
corrosion process for samples designed according to the 1st experimental setup (diagrams on the left) and the 2nd experimental setup (diagrams on the right).
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Fig. 5. (continued).

the concrete cover. In the case of the 1st experimental setup, the con-
dition of the concrete cover was stable throughout the testing period,
therefore the amplitude was also stable. First, the moisture content in

the concrete cover had stabilized after the drying period, which had no
further effect on the change of amplitude. Second, and more impor-
tantly, the propagation of corrosion products from the bottom of the
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Table 5
Characterization of corrosion activity based on the sections through the anode bar.
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Specimen Section through the anode bar

Area under corrosion products

Figure of the cross section

Corrosion pattern in observed area

above the rebar below the rebar

1st experimental setup

K15 15.5% 84.5%
K1.7.5 5.7% 94.3%
K110 no corrosion detected

2nd experimental setup

K25 67.2% 32.8%
K27.5 73.8% 26.2%
K210 60% 40%

rebar could not affect the GPR signal since the signal did not reach this
layer, because of the experimental arrangement with a perfect reflector,
reinforcement, placed between the GPR and the corrosion layer.

In specimen K1_10, there was no significant corrosion of the rein-
forcement for reasons unknown to the authors, as shown in Table 5. The
absence of cracks on the concrete surface proves this fact. This is an
explanation for the slight amplitude divergence on day 35 between
specimens K1_7.5 and K1_10. Comparing these two specimens, it is
suspected that the widening of the cracks in specimen K1_7.5 after day
35 (Fig. 5¢) began to affect the dispersion of the waves [34], resulting in
a slight decrease in amplitude in this specimen. However, this deviation

10

is no longer observed in specimen K1 5 after the day 14, when a crack
occurred. In summary, the results show that cracks up to 0.9 mm do not
lead to a significant change in GPR response.

Considering the results and the discussion about this experimental
setup, it can be concluded that this experimental arrangement cannot
accurately represent corrosion-induced changes that would be relevant
for monitoring with ground penetrating radar. Moreover, this corrosion
case does not correspond to the actual corrosion state of reinforced
concrete structures, where corrosion mainly occurs on the side of the
rebar facing the concrete cover [2].

The results obtained with the GPR in the 2nd experimental
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arrangement differed from those of the 1st experimental arrangement.
Although the values of half-cell potential and concrete resistivity indi-
cated that the corrosion process developed at the same rate as in the case
of the 1st experimental setup, the gradual changes in the GPR signal
were observed here. At the end of the testing period, all specimens were
opened at the location of the anode rebar to confirm corrosion activity.
The sections through the anode rebars are shown in Table 5.

The first and the most important thing noted after opening the
specimens was the distribution of the corrosion products. In this setup,
the distribution of the corrosion products resembled more the natural
corrosion of the reinforcement than the distribution in the first experi-
ment, as the area under the corrosion products over the reinforcement
was 67.2%, 73.8% and 60% for K2_5, K2_7.5 and K2_10, respectively.
The products formed mainly at the top of the rebar and migrated
through the concrete cover to the top of the specimen. The corrosion
products had accumulated mostly in the narrow area around the rebar
and gradually filled the pores of the concrete cover. The layer of
corrosion products was most pronounced on the specimen with the
highest degree of corrosion (K2_10).

The significant decrease in GPR amplitude strength that occurred in
the 2nd experimental setup (Fig. 5a) was caused by several factors —
water, chlorides dissolved in water, and corrosion products. This phe-
nomenon can be explained by the reduction in amplitude due to: i) the
change in the reflection coefficient of the steel and, ii) signal attenuation
caused by changes in the properties of the surrounding concrete. The
former is related to the change at the interface between concrete and
steel, which is associated with the formation of corrosion products on
the side of the reinforcement facing the concrete cover. Indeed, the
amount of reflected energy at this surface is approximately equal to the
contrast of the dielectric constants of these two materials [25]. The iron
oxides have a lower dielectric constant than steel [52,53], so the energy
reflected from the corrosion products in the narrow region of accumu-
lation around the rebars is less than that of the noncorroding steel. As the
signal propagates through the thin layer of accumulated corrosion
products, it suffers additional signal loss as a result of additional prop-
agation through the material [26]. Since the thickness of the corrosion
product layer around the rebar is small, these reflections most likely
overlap and result in an overall decrease in reflected energy.

The second cause of the significant reduction in amplitude is the
combined action of water, chlorides dissolved in water, and corrosion
products that have penetrated the concrete cover. These three affect the
properties of the concrete in which the electromagnetic waves propa-
gate. The electromagnetic properties of concrete, which is a mixture of
different constituents, could be represented by the combined properties
of solid particles, air, and water in the concrete pores [54]. After the
specimen was treated with a sodium chloride solution from above, the
ingress of the solution increased the amount of water in the concrete
pores compared to the concrete before corrosion. It is known that this
leads to a decrease in signal amplitude [30]. This effect is most pro-
nounced in the first seven days and is associated with the amplitude
decrease in Fig. 5a. The moisture content stabilized after the seventh day
(Table 4), so it can be assumed that changes in moisture content do not
further affect the amplitude change. However, under the influence of the
current applied to the rebars, the chlorides migrated from the solution
into the concrete pores (Fig. 5b) and further increased the salinity of the
water in the pores, resulting in additional attenuation due to the
increased conductivity [26]. The migration of corrosion products into
the pores of the concrete caused the air component in the mix being
partially replaced by the corrosion product component, which further
changed the dielectric properties of the mix. Comparing the dielectric
properties of air and iron oxides, the iron oxides exhibit higher
permittivity and conductivity [26,53,55], resulting in additional signal
loss. Even though concrete is considered a non-magnetic material in
most cases, the presence of iron oxides in materials such as magnetite
can cause non-negligible attenuation [26]. These changes are most
pronounced in the first 10 days and are related to the higher corrosion
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rate of the reinforcement caused by the higher applied current density.

The last influencing factor is a crack, which appeared after the 10th
day in all specimens above the anode. However, from the 1st experi-
mental setup, it was concluded that a crack of up to 0.9 mm has a
negligible effect on the dissipation of EM energy, so it is considered that
it did not contribute significantly to the attenuation of the signal. The
observed effect is in agreement with the numerical simulations on the
influence of corrosion induced cracks on the GPR signal reported in
[56]. There it was found that cracks up to 1 mm have a small effect on
the GPR amplitude.

Based on the results obtained and the above discussion, it can be
concluded that the solution facing the surface where the GPR inspection
is performed is more suitable for observing the corrosion induced by the
impressed current in the laboratory. The limitation of this study is the
inevitable change in the salinity of the water in the concrete pores,
which prevented the isolated effect of the spread of corrosion products
on the GPR amplitude from being observed. Further studies will focus on
isolating these two effects.

The ability of non-destructive methods to detect the corrosion pro-
cess is highly dependent on the technique used. Half-cell potential and
electrical resistivity detect corrosion regardless of the location of the
corrosion layer with respect to the rebar and the concrete surface, while
ground penetrating radar requires a change on the side of the rebar
facing the concrete surface being tested. Therefore, in the second
experimental setup, all non-destructive methods were able to detect the
corrosion, while the GPR had sufficient resolution and stability in testing
to detect the progression of the process over time, enabling quantitative
analysis of the kinetics of the corrosion process over time.

Considering the real structures, the second experimental setup is
closer to the natural evolution of the corrosion process, so the present
study confirms that the GPR can be used to evaluate the corrosion of
reinforcement in RC structures. However, certain limitations must be
emphasised. It will be difficult to use the GPR as a stand-alone test
method when evaluating structures for which historical data are not
available and which are to be evaluated only once. In this case, the
electrochemical methods, especially HCP, are more appropriate, even
though they are destructive. If the testing of the structures extends over a
longer period of time and is planned as a continuous monitoring of the
structure, the GPR might be a better solution, as it provides a unique
opportunity for non-destructive characterization of the corrosion ki-
netics. In addition, the GPR method could allow automation of the
assessment of reinforced concrete structures. Currently, the limitations
of GPR applications are the time-consuming data analysis and the
insufficiently developed techniques for quantifying the reinforcement
diameter.

6. Conclusion

In the present experimental study, the aim was to determine the
influence of the different distributions of corrosion products caused by
different experimental setups on the GPR signal amplitude in laboratory
simulations. Due to the contradictory results on the influence of corro-
sion on the GPR signal reported in the literature, two experimental
setups were designed: the first one replicates the setup of previous re-
ported studies, and the second produces distribution closer to the nat-
ural corrosion process.

The results presented clearly show that the position of the sodium
chloride solution during the accelerated corrosion process determines
the location of corrosion products layer and their distribution in the
concrete cover, which in turn determines the behaviour of the GPR
signal. If the solution is below the rebar level, the formation of corrosion
products occurs mainly from the bottom of the rebars. The migration of
corrosion products also occurs mainly in the direction of the solution
and deeper into the concrete. In that case, although all corrosion pa-
rameters clearly indicated corrosion propagation, the GPR amplitude
did not change significantly. This can be attributed to the stable
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condition of the concrete cover during the experiment and the inability
of the signal to surpass fully reflective reinforcement to reach corrosion
product layer. On the other hand, when the solution was at the top of the
specimens, the formation of corrosion products and their migration is
directed towards the upper surface of the concrete. In that case, the GPR
amplitude had a decreasing trend throughout the corrosion propagation.
The changes in GPR signal were influenced by the combined effect of
changes at the interface between concrete and steel and changes in the
material. Therefore, the second case better represents the corrosion of
the reinforcement in real structures, as well as the changes that would be
relevant for monitoring with ground penetrating radar. This experi-
mental setup is more suitable for inspection with GPR in cases where
corrosion is induced by impressed current technique. When comparing
GPR with other electrochemical methods (HCP and ER), GPR was able to
detect the progression of the corrosion process, while HCP and ER
showed only minor changes in the progress of corrosion.

Further research is needed to isolate the effects of each material
parameter (e.g. the moisture content, chlorides) independently to
determine their contribution to the overall change in the GPR signal, and
to observe the effects of the combined parameters to create different
environmental conditions.
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